Abstract-A new geophysical model function (GMF), called C SARMOD2, has been developed to determine coastal wind speed. A total of 3078 RADARSAT-2 and Sentinel-1A V Vpolarized SAR images were collocated with in situ buoy measurements, which was used to derive transfer functions and then to validate the wind speed retrievals. The wind speeds retrieved by the proposed C SARMOD2 model are more similar to buoy measurements with almost no bias and a root mean square error of 1.84 m/s. Two representative quad-and dual-polarization SAR images acquired from coastal regions are used as case studies to examine C SARMOD2 performances. The case study and statistical validation results suggest that the proposed C SARMOD2 has the potential to measure coastal wind speeds at sub-kilometer resolutions and also advocate for the necessity of revisiting the methodologies for ocean surface wind speed measurements in coastal areas.
INTRODUCTION
As operational tools for global oceanic wind vector measurements, scatterometers are limited by their coarse spatial resolutions. The high spatial resolution of SAR imagery makes it a very useful instrument for coastal wind field observations. For example, the operational coastal SAR wind field mapping system can help coastal communities prepare for wind-related hazards [11] .
Coastal wind speed mapping achieved from C-band SAR imagery [16] [17] [18] [19] is usually based on CMOD geophysical model functions (GMFs), such as CMOD IFR2, CMOD4, CMOD5, and CMOD5.N [12] [13] [14] [15] . Morever, a initial GMF derivation from SAR based on a massive collection of ENVISAT ASAR data with ASCAT wind vector data, was not applied to any SAR wind speed retrieval [32] .
Although conventional C-band CMOD GMFs can estimate ocean surface wind speeds in open ocean regions, they may be inappropriate in coastal areas with specific and complex geophysical phenomena due to topography or shallow water. For the first time, we develop a GMF for high-resolution (100 m or 1 km) wind speed retrieval from C-band SAR for coastal applications, by synthesizing backscatter measurements from two C-band SARs, such as RADARSAT-2 and Sentinel-1A, and by using only coastal buoy measurements. The feasibility of the proposed GMF for coastal wind mapping is illustrated using two case studies for validation and then statistically assessed.
Method
1522 collocated pairs were selected for tuning of the C SARMOD2 GMF. The remaining collocated pairs were used for statistical validation. We introduced a practical approach to develop a GMF for the RS-2 and Sl-1A data, based on CMOD5. In CMOD5, the σ 0 for V V polarization is described as
where B 0 , B 1 , and B 2 are functions of the incidence angle, θ, and the ocean surface wind speed, v, at a 10 m. reference height. The relative wind direction, φ, is the angle between the true wind direction and the radar observation direction. The transformation is defined as z = (σ 0 ) p , with a constant p value of 0.625. The transfer functions used to define B 0 and B 2 in C SARMOD2 were adopted from CMOD5 for use in this study. We replaced the x = (θ − 40)/25 definition from CMOD5 with the modified equation x = (θ − 76/40). The dependence of B 1 on wind speed and incidence angle follows the second-order polynomial function that was used in the XMOD2 [36] , an X-band GMF:
A stepwise regression was used in the tuning approach. First, it was assumed that the observed ocean surface backscatter σ SAR 0 was only related to the wind speed and incidence angle, such that
The coefficients in B 0 were acquired by minimizing the cost function
We neglected the difference in upwind and downwind effects on ocean surface backscatter, and only considered the difference in the effects of upwind and crosswind, so that σ SAR 0 could be approximated as σ
Again, the transfer function coefficients in B 2 were determined using the nonlinear least squares fit method. As a result, we used the same approach to obtain the coefficients for the functions in B 1 .
Results
To assess the accuracy of the proposed C SARMOD2, we carried out case study and statistical validations.
Case Validation
We applied the proposed C SARMOD2 to two RS-2 SAR images acquired with quad-and dualpolarization imaging modes. Table 1 . Across all buoy comparisons, C SARMOD2 achieved a smaller wind speed bias than the other GMFs that were tested. We also examined the proposed C SARMOD2 using a wide swath SAR image. Fig. 3 shows a RS-2 SAR image acquired from the dual-polarization ScanSAR imaging mode on January 3, 2010, at 22:20 UTC. There are five NDBC buoys off the east coast of the USA in this SAR imaging area. For this case, the input wind directions for the SAR wind speed retrievals were provided by the National Centers for Environmental Prediction (NCEP) Climate Forecast System (CFS) reanalysis wind field data (apdrc.soest.hawaii.edu/dods/public data/CFSv2). The temporal and spatial resolutions of the CFS reanalysis data are 1 hour and 56 km, respectively. The time interval between SAR image acquisition and the CFS data is 20 minutes. Fig. 4(f) shows the SAR-derived wind speeds with 1 km spatial resolution, using the proposed C SARMOD2 GMF, with the CFS wind directions overlaid. Figs. 4(a) to 4(e) also include wind speed maps derived from the four CMOD GMFs used for the comparisons. As shown in the Fig. 4 , we find that C SARMOD2 provides more reasonable wind speed distribution maps than the other CMOD GMFs. It is notable that for this particular case, all GMFs underestimated the wind speeds. The underestimation is possibly caused by the inaccurate NRCS calibration, wind direction and other factors, such as fetch effect, planetary boundary layer (PBL) height and air mass density. This case study suggests that the impact of fetch on NRCS could be larger at high resolutionas observed by SAR than at lower resolution as observed by scatterometers. Figure 5 is a set of plots of the statistical comparisons between SAR-retrieved wind speeds from six different GMFs and buoy measurements. The RMSEs for SARwind speeds calculated by CMOD4, CMOD5, CMOD IFR2 and C SARMOD were all larger than 1.9 m/s. The windspeeds generated by C SARMOD2 yielded the best match with the buoy observations: Bias and RMSE are −0.04 and 1.84 m/s, respectively and the scatter index is 20.92%. To further examine the performance of CMOD5.N and C SARMOD2, we analyzed the wind speed retrieval errors (Bias and RMSE) in different wind speed bins and radar incidence angle bins, as illustrated in Fig. 6 . It is shown that the Bias and RMSE of C SARMOD2 are smaller than those of CMOD5.N for high wind speed bins, indicating that C SARMOD2 has potential to more accurately derive the wind speeds than CMOD5.N in coastal regions.
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SUMMARY
In this paper, we build a C-band GMF for SAR coastal high-resolution (100 m or 1 km) wind speed retrieval, from measurements of two different C-band SARs: RS-2 and S-1A.
To validate the results of the proposed C SARMOD2, both quad-and dual-polarized SAR images were used to retrieve wind speeds in coastal areas and were compared with buoy measurements. C SARMOD2 shows smaller bias than the existing CMOD GMFs that were used as comparisons, whether the SAR image was acquired with quad-or dual-polarized imaging mode. We also used an independent dataset to make a statistical comparison between wind speed retrievals with C SARMOD2 and buoy measurements. The results showed that the bias and RMSE are −0.04 m/s and 1.84 m/s, respectively. These positive results suggest that the proposed C SARMOD2 GMF could represent an improvement in wind speed derivation in coastal areas. More interestingly, we also found that offshore wind speeds were underestimated whether using existing CMOD GMFs or C SARMOD2. As a matter of fact, this suggests that for wind measurements in coastal areas, the definition of a GMF including extra geophysical parameters would be certainly a significant improvement.
